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Abstract The AP2/ERF family is one of the largest tran-
scription factor gene families that are involved in various
plant processes, especially in response to biotic and abiotic
stresses. Complete genome sequences of one of the world’s
most important pulse crops chickpea (Cicer arietinum L.),
has provided an important opportunity to identify and
characterize genome-wide ERF genes. In this study, we
identified 120 putative ERF genes from chickpea. The
genomic organization of the chickpea ERF genes suggested
that the gene family might have been expanded through the
segmental duplications. The 120 member ERF family was
classified into eleven distinct groups (I-X and VI-L). Tran-
scriptional factor CarERF116, which is differentially
expressed between drought tolerant and susceptible chick-
pea cultivar under terminal drought stress has been identi-
fied and functionally characterized. The CarERF116 en-
codes a putative protein of 241 amino acids and classified
into group IX of ERF family. An in vitro CarERF116
protein-DNA binding assay demonstrated that CarERF116
protein specifically interacts with GCC box. We demon-
strate that CarERF116 is capable of transactivation activity
of and show that the functional transcriptional domain lies
at the C-terminal region of the CarERF116. In transgenic
Arabidopsis plants overexpressing CarERF116, significant
up-regulation of several stress related genes were observed.
These plants also exhibit resistance to osmotic stress and
reduced sensitivity to ABA during seed germination. Based
on these findings, we conclude that CarERF116 is an abi-
otic stress responsive gene, which plays an important role in
stress tolerance. In addition, the present study leads to
genome-wide identification and evolutionary analyses of
chickpea ERF gene family, which will facilitate further
research on this important group of genes and provides
valuable resources for comparative genomics among the
grain legumes.
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Introduction
Abiotic stress primarily drought, temperature extremes, and
salinity is the major limiting factor that prevents crops from
realizing their full yield potential. Tolerance to these stress-
es is a complex process, involving various changes in signal
transduction, gene expression, and ultimately metabolic
and physiological processes. Abiotic stress induces the
expression of various regulatory genes (such as transcrip-
tional factors AP2/ERF, bZIP, DREB, MYB etc.) that are
involved in stress tolerance. Alterations in expression of
several transcription factors and their downstream genes in
response to different biotic and abiotic stress have been
reported in plants [see review by (Mizoi et al. 2012; Saibo
et al. 2009)]. Among these APETALA2/Ethylene Respon-
sive Factor (AP2/ERF) superfamily is one of the largest
group of transcription factors (TFs) in plants. The AP2/ERF
genes contain a conserved DNA binding AP2 domain of
∼58–60 amino acids (Okamuro et al. 1997). In Arabidopsis,
based on the number and composition of AP2 domain, the
superfamily is divided into AP2 (contains two AP2/ERF
domains), ERF (contains single AP2/ERF domain) and
Related to ABI3/VP1 (RAV) (contains single AP2/ERF
and B3 domain) families. ERF family further subdivided
in two subfamilies ERF and DREB subfamily (Sakuma
et al. 2002), or 12 groups (I to X, VI-L and Xb) (Nakano
et al. 2006). The ERF proteins have been mainly implicated
in biotic stress responses, however recent studies have
uncovered additional role of some ERF proteins in abiotic
stress responses. For example the pepper ERF gene,
CaPF1, was induced by ethylene (ET), jasmonic acid
(JA), and cold stress response and gave tolerance to freez-
ing temperatures, pathogens, heavy metals (cadmium, cop-
per and zinc) and heat stress, in transgenic Arabidopsis (Yi
et al. 2004), Virginia pine (Tang et al. 2005) and potato
(Youm et al. 2008).
Recently sequenced chickpea genome comprises of 28,269
genes and organized into 15,441 gene families (orthologous
groups using orthoMCL) (Varshney et al. 2013). Genome-
wide analysis of gene families provides valuable insight into
evolutionary conservation or functional diversification of the
gene family. To our knowledge, no information is available on
genome-wide identification and characterizations of ERF
genes in the chickpea. Given the critical role of ERF transcrip-
tion factors in biotic and abiotic stress, we identified 120
members of ERF family and systematically analysed genomic
organization, gene duplication and phylogenetic relationships.
Additionally, we performed full length cloning and functional
characterization of an ERF gene CarERF116 using detailed
expression profiling under various biotic and abiotic stresses,
in vitro protein interactions, transcription activation activity
test in yeast cells, overexpression in Arabidopsis plants and
expression profiling of downstream target genes using
Arabidopsis ATH1 genome arrays in transgenic Arabidopsis
plants overexpressing CarERF116.
Methods and methods
Genome-wide identification and analysis of ERF genes
Whole genome nucleotide and protein sequences encoding
AP2/ERF transcription factors from Arabidopsis and soy-
bean were retrieved from transcription factor database 3.0
(http://plntfdb.bio.uni-potsdam.de/v3.0/). Chickpea CDC
Frontier genome and annotation data were downloaded
from the ICRISAT chickpea data resource (http://www.
icrisat.org/gt-bt/ICGGC/GenomeManuscript.htm).
Arabidopsis and soybean ERF sequences were used to
identify homologous peptides from chickpea by
performing a BLASTP search. Chickpea EST sequences
were also searched to eliminate any additional ERF
members. The identified candidate protein sequences were
subjected to the National Center of Biotechnology
Information (NCBI) CD search (http://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi), SMART (http://smart.embl-
heidelberg.de/) and Pfam (http://pfam.sanger.ac.uk/)
databases to ensure the presence of the AP2 domain. After
removing the repeat sequences and incomplete sequences,
remaining protein sequences were used for further analyses.
Phylogenetic trees were constructed using MEGA 5.2
(Tamura et al. 2011) with the maximum likelihood method
using a bootstrap value of 1,000 and pairwise gap deletion
mode. The potential duplicated genes in chickpea genome
were analysed by MCScanX (Wang et al. 2012) using
default criteria.
Following online and stand-alone tools, databases and
software’s were used in the ERF analysis. Sequence homol-
ogy search tools (BLASTN and BLASTX: http://blast.ncbi.
nlm.nih.gov/Blast.cgi); Protein sequence analysis (ExPASy
proteomics Tools: http://expasy.org/tools/, TASSER: http://
minnou.cchmc.org/; Secondary structure analysis tool:
http://www.ibi.vu.nl/programs/yaspinwww/, http://imtech.
res.in/raghava/apssp/; nuclear localization signals
prediction: http://www.predictprotein.org/, http://
wolfpsort.org/); Plant transcription factor databases
(PTFDB: http://planttfdb.cbi.edu.cn/); Plant promoter
analysis (PLACE: http://www.dna.affrc.go.jp/PLACE/,
plantCARE: http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/); Microarray data analysis: GeneSpring®
(Agilent Technologies); QPCR analysis: MxPro™ QPCR
Software and Microsof t off ice 2007 (Microsof t
Corporation); DNA and amino acid analysis: BioEdit 7.1.
3.0 (http://www.mbio.ncsu.edu/bioedit/bioedit.html),
Lasergene DNASTAR (DNASTAR, Inc).
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Plant material and stress treatment
Chickpea (Cicer arietinum L.) accession ICC 4958, a rela-
tively drought tolerant cultivar was used in this study. For
imposing terminal drought stress, plants were subjected to
water stress in a pot experiment at flowering stage using the
dry down procedure as described in (Deokar et al. 2011).
Three week old chickpea seedlings were treated with jasmonic
acid (20 μM), salicylic acid (100 μM), gibberellic acid
(100 μM), NaCl (150 mM) and sampled at 0, 3, 6, 12, and
24 h after treatment. For heat and cold stress, seedlings were
exposed to 37 °C and 4 °C, respectively and sampled at 0, 3, 6,
12, and 24 h after treatment. Dehydration stress was imposed
by placing the seedlings over a plain tissue paper at room
temperature (25±1 °C), and sampled at 0, 3, 6, 12, and 24 h
after treatment. All stress treatments were conducted in tripli-
cates and five seedlings from each experimental treatment
were pooled for RNA isolation.
Arabidopsis thaliana ecotype Columbia (Col-0) plants
were grown under a 16-h-light/8-h-dark photoperiod at 23±
1 °C. Arabidopsis seedlings were subjected to osmotic stress
induced by mannitol solution of water potential −0.7 MPa
(54.7 g/l mannitol) and −1.07 MPa (120.4 g/l mannitol). For
freezing stress, Arabidopsis seeds were kept at −20 °C for 24 h
and then kept for germination at room temperature. For eval-
uating seed germination ability, more than 50 seeds each of
wild type (WT) and 35S::CarERF116 Arabidopsis in triplicate
was placed on Whatman filter paper saturated with distilled
water or different concentrations of mannitol or ABA and
incubated at 4 °C for 48 h and then kept at 23±1 °C for
germination. Seeds were considered as germinated once rad-
icals completely penetrated the seed coat. Germination was
scored daily up to 7 days and expressed as a percentage to the
total number of seeds plated.
RNA isolation and quantitative real time PCR
Total RNA from plants was isolated using TRIzol reagent
(Invitrogen) and treated with DNase for complete elimination
of DNA contamination. The DNase treated RNAwas convert-
ed into cDNA using the oligodT (18 mer) primer and Super-
Script III reverse transcriptase according to the manufacturer’s
protocol (Invitrogen, USA). The obtained cDNAwas diluted
to 5 ng/μl concentration. SYBR green qPCR was performed
in 96 well plates using the Stratagene Mx3000P system and
SYBR FAST qPCR Master Mix (2x) Universal (KAPA
Biosystems). All qPCR reactions were run in triplicates with
a no-template control to check for contamination. Reaction
mixture of 10 μl contained 1X SYBR FAST qPCR master
mix, 200 nM gene specific forward and reverse primers and
5 ng cDNA. Q-PCR was conducted with the following pa-
rameters: 3 min at 95 °C (enzyme activation), 40 cycles with
each cycle consisting of 3 s at 95 °C (for denaturation) and
30 s at 60 °C (for annealing/extension). Finally melting curve
analysis was performed from 65° to 95 °C in 0.5 °C steps each
lasting 5 s to confirm presence of a single product and absence
of primer-dimers. Two internal controls GAPDH (Glyceralde-
hyde-3-phosphate dehydrogenase, GenBank accession no.
AJ010224) and HSP90 (Heat shock protein 90, GenBank
accession no. GR406804) were used to normalize the varia-
tions in cDNA samples. The fold changes were calculated
using the 2−δδCt method.
Identification of 5′- and 3′- ends of CarERF116 cDNA
and isolation of its 5′ upstream sequence
To isolate full-length CarERF116 cDNA and to map the
transcription start site (TSS), the 5′- and 3′-RACE (Rapid
Amplification of cDNA Ends) were performed according
to the SMARTer RACE cDNA Amplification Kit
(Clontech, USA) and GeneRacer RACE kit (Invitrogen,
USA) respectively. For 5′- RACE, one μg of total RNA,
isolated from chickpea plants subjected to water deficit
stress, was used for reverse transcription with SMART
ScribeTM reverse transcriptase (100U) with the 5′-CDS
primer-A. A set of nested PCR primers was designed
from the available truncated EST sequence. CarERF1-
5′-NES1: TTTGCCTTTTCTCACCAACTTTGATGC,
CarERF1-5′-NES2: CAGCTTTATCATAAGCCCTTGC
AGCTT. The Primers 5′-NES1 and 5′-NES2 were used
sequentially in combination with the UPM primer to
generate 5′ end of CarERF116 gene. For 3′ RACE,
cDNA was prepared by reverse transcription of RNA
using 3′-AP adapter primer (Invitrogen, USA) and
MuMLV-RT (Promega, USA) and used as template for
isolation of 3′ end of the gene. Two 3′ nested primers
CarERF1-3′-NES1: GACTCCTTCATGTTGGAAAGGG
T, CarERF1-3′-NES2: CCTCCTTTGTCACCATTATCTC
CAC along with a GeneRacer 3′-primer were used se-
quentially to obtain the 3′ end of CarERF116 gene. The
obtained RACE PCR products were eluted from the gel,
cloned in pGEM-T easy cloning vector and sequenced.
The 5′ -upstream sequence (CarERF116 promoter region)
was isolated by genome walking with the help of the Univer-
sal GenomeWalker Kit (BD Biosciences Clontech, Palo Alto,
CA) according to manufacturer’s instructions. In brief, five
libraries were prepared by digesting chickpea genomic DNA
by DraI, EcoRV, PvuII, StuI, and SmaI, and further ligated
with genome walker adapters. The adapter ligated DNA
libraries were used as template for genome walking PCR.
Two nested PCR primers (CarERF116-GW1: GTTGCAAA
AACTGAAGGTGGATTCAAAGG, and ERF116-GW2:
TGGAAGAAGGGA TTGTGATGTTCAAAGAGG along
with AP1 and AP2, were sequentially used to obtain the
5′-upstream sequences.
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Southern blotting analysis
Genomic DNAwas isolated from chickpea leaves (cv. ICC
4958) by a modified CTAB method and purified by phenol
extractions (Dellaporta et al. 1983). 15 μg genomic DNA
was completely digested with EcoRI, HindIII, XbaI (New
England Biolabs, UK). The digested DNAwas run on 1 %
agarose gels and transferred onto Hybond N+nylon mem-
branes (Amersham Pharmacia Biotech, USA) by capillary
blotting as described in (Sambrook 2001). PCR amplified
full-length CarERF116 was gel-purified and labeled with
α-32P-dCTP, using the DecaLabel™ DNA labeling kit
(Fermentas Life Sciences, UK). The hybridization signals
were detected using a PharosFX plus PhosphorImager (Bio
Rad, USA).
Generation of transgenic Arabidopsis plants
Full-length cDNA of CarERF116 was amplified from cDNA
by PCR using a set of PCR primers (CarERF1-ORF-F:
CGAGGATCCAATATGCAACAAACCTTTGAATCCACC
and CarERF1-ORF- R: ACTGAGCTCATATCAATAACC
CATCATGAGTGG) containing the BamHI and the SacI site,
respectively. The resulting amplicon was digested with BamHI
and SacI, and ligated between the CaMV 35S promoter and
the NOS terminator in the pBI121 binary vector containing
the kanamycin as a selectable marker.
This construct was mobilized into Agrobacterium
tumefaciens strain GV3101 using freeze-thaw method
(Chen et al. 1994). Arabidopsis Col-0 was transformed with
these constructs by the floral-dip method (Clough and Bent
1998). T1 seeds were selected on MS medium containing
kanamycin (50 mg/l). To assess CarERF116 expression,
RT-PCR analysis was performed on T2 transformants.
Three independent transgenic lines for each construct were
used for further analysis.
Yeast one hybrid assay
For yeast one hybridization based transactivation assay, com-
plete and partial sequences ofCarERF116 open reading frame
(without stop codon) was amplified from the chickpea cDNA
with the specific PCR primers containing BamHI site in
forward primer and SalI in the reverse primer. The purified
PCR product was digested with BamHI and SalI and cloned in
frame with GAL4 DNA binding domain in the digested
pGBKT7 vector (Clontech, USA). The positive clones con-
taining appropriate inserts were transformed into yeast
Y2HGold strain (Clontech, USA) containing four reporter
genes (AUR1-C, ADE2, HIS3, and MEL1) under the control
of GAL4 promoter.
Protein expression and in vitro binding assay (EMSA)
For production of recombinant protein, CarERF116 protein
with C-terminal His-Tag was expressed in Escherichia coli.
The CarERF116 open reading frame (without stop codon)
was amplified with primers flanked by restriction sites for
NdeI and XhoI to clone in pET-29a(+) (Novagen, USA). The
CarERF116-HIS protein was produced by inducing
Escherichia coli strain BL21 (DE3) containing a pET-29a-
CarERF116 by 0.5 mM IPTG concentration at 26 °C. The
recombinant protein was purified with Ni-NTA chromatogra-
phy spin columns (Qiagen, USA) according to the manufac-
turer’s instructions. For the EMSA analysis, following wild
type (W) and mutant (M) double stranded oligonucleotides
were designed as wild type GCC box sequence, W-GCC-F1:
CATAAGAGCCGCCACT, mutant type GCC box sequence
M-GCC-F1: CATAAG ATCCTCCACT, wild type DRE box
sequence W-DRE-F1: ATACTACCGACAT, M-DRE-F1:
ATACTGCCGACAT. 0.5 μg DNA elements and 100 and
200 ng of CarERF116-HIS fusion proteins were mixed in
EMSA buffer (100 mM HEPES, pH 7.5, 0.5 M KCl, 25 %
glycerol, 5 mM DTT, 5 mM EDTA) at room temperature for
30 min, and then were loaded onto an 8 % non-denaturing
polyacrylamide gel. After electrophoresis in 1.0X TBE buffer,
the gel was stained with SYBR green (Molecular probes) for
visualization of DNA bands.
Microarray analysis
Total RNA was isolated from three-week old Arabidopsis
plants grown under controlled conditions in a glasshouse.
Microarray expression analysis was performed using
Affymetrix ATH1 array GeneChip (Affymetrix, USA). Total
RNAwas isolated using Trizol reagent (Invitrogen) and proc-
essed as recommended by Affymetrix technical manual. For
further analysis, the GeneChip data files were imported into
GeneSpringGX (Agilent Technologies, USA).
Results
Identification and phylogenetic analysis of ERF genes
in the chickpea genome
We identified 147 putative AP2/ERF domain containing tran-
scription factors in chickpea. According to the number and
structure of AP2/ERF domain, the 120 genes were classified
into ERF family, 16 into AP2, two into RAV family and one as
soloist members. In the present study, we focused our attention
on the analyses of ERF family members. An unrooted phylo-
genetic tree of 120 ERF members was constructed (Fig. 1).
Further, based on the Nakano classification system of
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Arabidopsis ERF family (Nakano et al. 2006), the chick-
pea ERF family were organized in eleven groups (I-X
and VI-L). The group I-IV belongs to DREB subfamily
which contains 46 members, whereas group V-X belongs
to ERF subfamily and contains 74 genes Group III is the
largest group with 23 ERFs, whereas group VII is the
smallest group with only three ERFs (Table S1 and S2).
Generic names (CarERF001–CarERF120) were assigned
to all identified ERF genes based on their order on
chickpea chromosomes. The identified ERF genes en-
code peptides ranging from 128 to 429 amino-acids
(aa) in length with an average of 238 aa. Whereas, in
Arabidopsis, the size of ERF genes ranges from 131 to
391 aa with an average of 240 aa. Comparative analysis
of ERF gene family size across different plant species
including Arabidopsis (122), Rice (131), Poplar (198),
Grapevine (109), Medicago truncatula (106) and caster
bean (90) indicates relatively large size variations. Al-
though the size of ERF family in chickpea and
Arabidopsis is almost the same, but the size of ERF
and DREB subfamily varies significantly. The biotic
stress responsive ERF subfamily size in chickpea (74
members) is larger than Arabidopsis (65 members)
whereas, abiotic stress responsive DREB subfamily size
of chickpea (46 members) is smaller than Arabidopsis
(57 members).
We performed a multiple sequence alignment of the con-
served AP2 domain as well as complete amino acid sequences
of the ERF proteins from each group to investigate the se-
quence features of the CarERF family proteins. The members
Fig. 1 An unrooted phylogenetic tree of chickpea ERF proteins. The
amino acid sequences of the AP2/ERF domain of CarERFs (excluding
Group VI-L) were aligned by Clustal W and the phylogenetic tree was
constructed using MEGA 5.2 and the maximum likelihood method. Ten
groups of CarERF are markers as I-X, as described byNakano et al., 2006
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of ERF family contain single AP2/ERF domain. The amino
acid residues Gly-4, Arg-6, Arg-8, Glu-16 and Ala-37 are
completely conserved among the 120 proteins in the ERF
family. In addition, 97 % of the ERF family members contain
a conserved WLG motif (Fig. S1). These conserved amino
acid residues and motifs are a common feature with almost all
studied members of the ERF gene family of Arabidopsis,
soybean and rice (Nakano et al. 2006; Zhang et al. 2008). In
addition to AP2/ERF domain, members of Group VI contain a
conserved CRF domain in the N-terminal region, which is a
characteristic feature of Cytokinin response factors (CRFs)
(Fig. S2). CRFs are unique to land plants lineages and in-
volved in normal leaf vascular patterning, plant growth and
development and senescence process (Zwack et al. 2013).
Conserved functional motifs were also identified outside
the AP2/ERF domain (Fig. S3). For instance, Group II and
VIII contain a conserved EAR (ERF-associated amphiphilic
repression) motif, which is the most predominant form of the
transcriptional repression motif so far identified in plants
(Kagale and Rozwadowski 2011). The CarERF group II and
VIII consist of 10 and 15 ERF genes respectively. The ERF
genes from group VIII of tobacco, Arabidopsis and rice have
been shown to be involved in GCC box-mediated transcrip-
tion repressor activity (Nakano et al. 2006). The conserved
EAR motif in the chickpea ERF groups II and VIII suggest
that these genes may function in GCC box-mediated transcrip-
tional regulation process.
Putative transcription activators, such as Ser/proline/asn/
gln-rich domain regions were predominantly present in the
majority of chickpea ERFs. Another type of transactivation
domain found in group IX as CMIX-1 motif (conserved
motif IX-1), which is highly conserved across plant species.
The CMIX-1 motif of Arabidopsis AtERF#98 gene has
been characterised as a EDLL motif and found as strong
transcription activation characteristics, as well as ability to
partly overcome the repressive activity of EAR repressor
motif (Tiwari et al. 2012). We also found conserved puta-
tive MAP kinase and/or casein kinase sites in several ERF
proteins, such as group VI and VI-L has conserved casein
kinase sites, whereas group VII and IX has conserved MAP
kinase phosphorylation sites. The phosphorylation of group
IX member of Arabidopsis ERF gene Pti4 and rice
OsEREBP enhances the transactivation activity via GCC
box-mediated transcription (Cheong et al. 2003; Gu et al.
2000). The presence of putative kinase and/or casein kinase
sites in the chickpea ERF group IX genes, suggesting that
these genes might undergo post-translational phosphoryla-
tion to regulate downstream genes. Several group specific
motifs with unknown function were also identified, such as
group VII contain a conserved MCGGAI[I/L] motif. This
motif was also found conserved in Arabidopsis and soy-
bean group VII (Zhang et al. 2009). Similarly, group V
contain a conserved motif sequence QMIEELL[ND].
Genome-wide distribution and duplication events
among CarERF genes
To define the relationship between genetic divergence and gene
duplication within the CarERF gene family in chickpea, we
determined the physical locations of CarERF genes in the chick-
pea genome. The results showed that the 120 CarERFs were
distributed throughout all eight chickpea pseudochromosomes
and also in ten unplaced scaffolds (Fig. 2). Maximum of 23
(19.2 %) ERFs were located on Ca4 and a minimum of seven
(4.0%) ERFswere located on Ca2. Genome-wide distribution of
CarERFs appeared to be uneven, with relatively highest gene
density of one ERF gene per 1.2 Mb on Ca8 and lowest gene
density of one ERF gene per 12.2 Mb on Ca6.
We observed seven clusters of ERFs on Ca1, Ca3, Ca4, Ca7
and Ca8. Genes within the clusters belong to the same group of
ERFs, such as cluster located on Ca1, containing CarERF012,
CarERF013 and CarERF014 (belongs group II), cluster located
on Ca4 containing CarERF040, CarERF041 and CarERF042
(belongs to group IX) and cluster located on Ca8 containing
CarERF095 and CarERF096 (belongs to group III). Similar
patterns of ERF gene clusters were also found in the Arabidopsis
(Sakuma et al. 2002), grape (Licausi et al. 2010), and poplar
genomes (Zhuang et al. 2008). In plants, gene families aremainly
expanded by segmental and tandem duplication events. In the
chickpea genome, we identified 1,954 (6.9 %) genes as tandem
and 5,230 (18.5 %) genes as segmental duplicated. In total, 51
(42.5 %) ERFs were involved in segmental duplication whereas,
14 (11.7 %) genes were involved tandem duplication (Fig. 3).
Isolation and sequence analysis of a drought responsive
CarERF116
One of the differentially expressed ESTs in response to termi-
nal drought stress, coding for AP2/ERF protein was identified
in our earlier studies (Deokar et al. 2011). We delineated the 5′
and the 3′ end and isolated the full-length cDNA from ICC
4958 (GenBank accession no. JX034738). The full-length
cDNA sequences showed 100 % homology with CarERF116
(Ca_23626) of CDC frontier genome and classified as a mem-
ber of group IX ERF gene family. TheCarERF116 contains an
open reading frame (ORF) of 726 bp that encodes for a protein
of 241 amino acids. This ORF is flanked by 3′ and 5′ un-
translated region (UTRs) of 247 bp and 93 bp, respectively.
CarERF116 protein has a molecular mass of 27.24 kDa and an
isoelectric point (pI) of 9.39. The predicted 241 amino acid
long polypeptide is composed of 23 negatively charged (Asp+
Glu) and 32 positively charged (Arg+Lys) residues. The rela-
tively high percentage of positively charged amino acids sug-
gests that the protein product of CarERF116 is probably a
nuclear protein and could be a putative transcription factor
protein. CarERF116 showed high homology with some of
the known ERF proteins of Glycine max (70 %), Arabidopsis
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thaliana (53 %), Arabidopsis lyrata (52 %) and Populus
trichocarpa (46 %). Although sequence homology was more
in the AP2 DNA binding region, two conserved motifs outside
the AP2 domain, towards the C-terminus were also found.
These two conserved motifs were also found in group IX of
Arabidopsis ERF family (Nakano et al. 2006) (Fig. S4).
Structural characterization of CarERF116 protein
The molecular and biochemical functions of newly identified
genes can be predicted using three-dimensional (3D) structur-
al analysis of protein sequences. For 3D homology modelling
of complete CarERF116 sequence, we performed BLAST
analysis to find homologous sequences, but no significant
homologous template was found. We used ab initio modeling
by I-TASSER method, which implements TASSER
(threading/assembly/refinement) on I-TASSER server (http://
zhanglab.ccmb.med.umich.edu/I-TASSER/) . The
CarERF116 structure was estimated with a RMAS score of
14.3±3.8 and C Score of −3.56 (Fig. 4b). The structure
consists of a DNA binding domain of three β-sheets packed
with one α-helix. In addition to this four α-helix structure
outside the AP2 domain are also observed, which may be
involved in the structural stability of CarERF116 protein.
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CarERF032[IX]
CarERF033[IX]
CarERF034[IX]
31.2
CarERF035[III]34.9
CarERF036[VI]37.7
CarERF037[III]39.5
B39.9
Ca3
A0.0
CarERF038[IX]
CarERF039[IX]1.2
CarERF040[IX]
CarERF041[IX]
CarERF042[IX]
2.8
CarERF043[III]5.8
CarERF044[VII]7.5
CarERF045[I]8.4
CarERF046[X]11.4
CarERF047[III]12.8
CarERF048[III]12.9
CarERF049[VI]16.4
CarERF050[III]22.2
CarERF051[VI]25.5
CarERF052[IX]28.2
CarERF053[IX]34.5
CarERF054[VI]38.9
CarERF055[III]40.0
CarERF056[V]43.6
CarERF057[V]44.0
CarERF058[II]44.5
CarERF059[X]45.7
CarERF060[IV]48.2
B49.1
Ca4
A0.0
CarERF062[VI]27.3
CarERF063[II]29.0
CarERF061[I]29.4
CarERF064[III]33.5
CarERF065[V]34.8
CarERF066[V]35.1
CarERF067[II]35.5
CarERF068[II]36.7
CarERF069[X]38.4
CarERF070[VI]45.0
CarERF071[X]46.9
B48.1
Ca5
A0.0
CarERF072[III]3.7
CarERF073[VI]4.9
CarERF074[X]7.4
CarERF075[I]8.0
CarERF076[V]10.1
CarERF077[X]18.3
CarERF078[VIII]21.8
CarERF079[III]35.2
CarERF080[V]50.8
CarERF081[VI]56.0
B59.4
Ca6
A0.0
CarERF082[VIII]5.4
CarERF083[V]6.9
CarERF084[V]7.7
CarERF085[III]10.0
CarERF086[IX]
CarERF087[IX]10.1
CarERF088[X]12.4
CarERF089[III]28.6
CarERF090[VI]29.6
CarERF091[III]30.7
CarERF092[VII]33.6
CarERF093[III]35.1
CarERF094[V]38.1
B48.9
Ca7
A0.0
CarERF095[III]
CarERF096[III]
CarERF097[II]
1.2
CarERF098[I]1.4
CarERF099[VI]1.5
CarERF100[III]1.9
CarERF101[III]2.0
CarERF102[III]2.5
CarERF103[IX]2.6
CarERF104[II]4.0
CarERF105[VI]13.9
CarERF106[III]15.6
B16.4
Ca8
A0.0
CarERF#119[V]
B0.1
scaffold2330
A0.0
CarERF#120[II]0.2
B0.3
scaffold848
A0.0
CarERF#116[IX]0.5
B5.4
scaffold38
A0.0
CarERF#117[I]0.3
B5.2
scaffold450
A0.0
CarERF#118[I]0.2
B0.3
scaffold2356
A0.0
CarERF#107[IX]
CarERF#108[IX]0.5
A0.6
scaffold1047
A0.0
CarERF#111[VIII]0.1
CarERF#112[V]0.3
B0.4
scaffold1176_2
A0.0
CarERF#113[VIII]0.3
B0.5
scaffold296
A
CarERF#114[X]0.0
B0.5
scaffold1060
A0.0
CarERF#115[IV]0.3
B5.6
scaffold134
A0.0
CarERF#109[III]
CarERF#110[III]0.5
A1.4
scaffold1348_1
Fig. 2 Chromosomal locations of chickpea ERF (CarERF) genes. Out of 120 CarERFs, 108 were mapped to the eight chickpea pseudochromosomes,
while 12 ERFs resides on 11 unplaced scaffolds of chickpea genome. The scale is in megabases (Mb)
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The AP2/ERF domain consists of about 60–70 aa and
involved in DNA binding. The predicted secondary structure
of the DNA binding domain of CarERF116 fits completely
with the expected AP2/ERF domain, showing three β-strands
and an amphipathic α-helix. The AP2 domain of Arabidopsis
AtERF1 (3GCC) was taken as a template for homology
modeling of DNA binding domain of CarERF116 protein.
The overall root mean square deviation (RMSD) between the
AP2 domain of CarERF116 and template (3GCC) is 0.5 Å.
The C-score of 1.58 indicates the high quality of the predicted
protein model (C-score is used for estimating the quality of
predicted models and typically in the range of −5 to 2, where a
higher value signifies a model with a high confidence and
vice-versa) (Fig. 4c). The three β-sheet consisting of strand
one (V-5 to R-8), second (G-11 to D-19) and third (S-25 to
G-30) packed antiparallel with α-helix (A-35 to R-50). The
structure of α-helix relative to the β- sheet is due to the
interaction of the alanine residues in the α-helix and the larger
hydrophobic residues in the β-sheet as suggested by (Allen
et al. 1998). This domain is positively charged and predicted
to bind to the negatively charged DNA double helix. Com-
parison between Arabidopsis AtERF1 and CarERF116 at the
DNA binding sites, reveal that the key residues were more
than 90 % conserved (10 out of 11 amino acids), including R-
150 (AtERF1)/R-105 (CarERF116), G-151/106, R-153/108,
R-155/110, W-157/112, E-163/118, R-165/120, R-170/125,
W-172/127 and T-175/130 (Fig. 4b). These 11 residues of
AtERF1 were involved in making contacts with a GCC box
of target genes (Balaji et al. 2005). The conserved residues in
the DNA binding domain of CarERF116 suggest that the
CarERF116 protein interacts in a similar fashion with the
GCC box elements of target genes in chickpea.
Expression profiles of CarERF116 gene
To identify the potential function ofCarERF116 gene, expres-
sion profile was investigated in different tissue of chickpea
plants growing under control condition and also in response to
different abiotic stress conditions and hormonal responses
(Fig. 5). CarERF116 transcripts were ubiquitously present in
Fig. 3 Genomic distribution of segmentally duplicated ERF genes in chickpea. Red lines indicate duplicated CarERF genes over the gray background of
collinear blocks in the chickpea genome
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all tissues of chickpea, including leaf, shoot, root, flowers and
pods under normal growth conditions. The CarERF116 tran-
scripts showed relatively high expression in roots compared to
other tissues. The expression of CarERF116was significantly
induced in response to dehydration, salinity and cold stresses.
In case of dehydration stress, nine fold induction of the
CarERF116 transcript was detected within one h of the stress
treatment. Under cold stress, 15 fold induction of the gene was
observed at 3 h. Similarly, in the case of salinity stress, the
transcript level ofCarERF116 increased by 11 fold at 6 h. The
level of the CarERF116 transcript gradually declined within
24 h in all these cases. In contrast, we observed very low
induction of CarERF116 under H2O2 treatment. Considering
that CarERF116might respond to a variety of abiotic stresses,
we examined the expression pattern ofCarERF116 in response
to exogenous application of ABA, GA3, SA and ethephon.
Following the ABA treatment, expression of CarERF116 in-
creased up to eight fold at 3 h, but rapidly declined at 6 h of
treatment. The expression of CarERF116 increased gradually
up to four fold at 12 h of exogenous application of ethephon.
Similarly, it increased to up to seven fold at 6 h of GA3
treatment. Under SA treatment, expression of CarERF116
increased up to four fold in initial 1 h, and remain relatively
constant over 24 h of treatment. This expression profile of
CarERF116 is very similar to some of the members of the
ERF group XI of Arabidopsis (Fujimoto et al. 2000), rice (Hu
et al. 2008), soybean (Zhang et al. 2008) and tomato (Gu et al.
2000). Induction of CarERF116 by dehydration, salinity and
cold as well as ABA, GA3, SA and ethephon suggests that
CarERF116 may have important roles in multiple signaling
transduction pathways controlling biotic and abiotic stresses.
Genomic organization of CarERF116 gene
To analyze the exon/intron organization of CarERF116 gene,
PCR amplification and sequencing of full-length CarERF116
gene with genomic DNA and cDNA was conducted. A se-
quence comparison of the genomic clone with the cDNA
clone showed that CarERF116 is an intron-less gene. This
finding also supports the previous report in Arabidopsis,
where the majority of the ERF genes are without an intron
(Nakano et al. 2006). The copy number of CarERF116 gene
was estimated by Southern blotting. The genomic DNA of
chickpea cultivar ICC 4958 was digested with EcoRI,HindIII
Fig. 4 Three-dimensional
structures of the AP2 DNA
Binding Protein domain and full
CarERF116 gene. (a) Alignment
of 3GCC (template used for 3D
modeling) with the CarERF116
AP2 DNA-BD. (b) 3D ribbon
structure of the AP2 DNA
binding domain of CarERF116
and (c) full length CarERF116.
Yellow color represents the
three-β sheets, red color repre-
sents α-helix and green color
represents chain structure. On the
right side, the electrostatic surface
potential is shown in color gradi-
ent from positive (blue) to nega-
tive (red) color
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and XbaI and blotted onto nylon membrane. The blots were
hybridized with the α-32P-labelled full-length CarERF116
cDNA as a probe. The restriction enzyme XbaI, having one
site in the probe region, yielded two bands, whereas with
EcoRI or HindIII having no sites, only a single band was
obtained (Fig. 6a). This result strongly suggests that chickpea
genome contains a single copy of CarERF116 gene. The
BLASTN search of the full-length CarERF116 (the probe
sequence) against chickpea whole genome sequences, also
indicates the presence of a single copy of the CarERF116
gene in the chickpea genome (Fig. 2).
The CarERF116 functions as a potential transcriptional
activator
Several classes of transcription activation domains have been
identified in plants and yeast, but in silico analyses of
CarERF116 protein failed to detect a clear stretch of amino
acids that can act as a transcriptional activator. Therefore, we
used the yeast one hybrid system to evaluate the transcription-
al activation ability of CarERF116. The full-length
CarERF116 and a series of deletion constructs of the
CarERF116 gene were fused to the GAL4 BD domain in
pGBKT7 and introduced into the yeast Y2H Gold strain.
The GAL4 DNA-binding domain alone (empty vector
pGBKT7), used as a negative control, was also used to trans-
form theY2HGold strain. The transformed yeast colonies
were selected on SD/-Trp and SD/-Trp/X-α-Gal/AbA agar
plates. Transformed Y2H gold strain containing a recombi-
nant plasmid (effector plasmid) or empty pGBKT7 were able
to grow on SD/-Trp medium. While, the transformed yeast
cells containing empty vector pGBKT7, GAL4-A and Gal4-B
plasmid were unable to grow on medium containing SD/-Trp/
X-α-Gal/AbA the GAL-F (full-length CarERF116), GAL4-C
Fig. 5 Quantitative real time PCR analysis of CarERF116 gene. (a)
Expression pattern of CarERF116 in various tissues of chickpea ICC
4958. Total RNAwas extracted from leaves, shoot, roots, unopened and
open flowers. (b) CarERF116 gene under different abiotic stress condi-
tions (dehydration, cold, NaCl and heat) and phytohormones (ethephon,
gibberellic acid, abscisic acid and salicylic acid). Relative fold change
was calculated by considering 0 h (control sample) as a calibrator. In the
graphs, the X-axis represents relative fold change and Y-axis represents
time points of stress treatments. Chickpea GAPDH gene was used as the
internal control
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(481–726) and GAL4-D (607–726) plasmid containing cells
grew and turned blue in the presence of the chromogenic
substrate X-α-Gal (Fig. 6c). These results indicate that
the CarERF116 possesses transactivation activity and
the region close towards the C-terminus (GAL4-C and
GAL4-D) is required for the transactivation activity of
CarERF116. The region towards N-terminal GAL4-A
(nucleotide 1–300) and GAL4-B (nucleotide 301–480)
did not show any detectable transactivation property.
The transactivation property of CarERF161 protein
clearly implicates this protein as a potential transcription
factor.
CarERF116 protein binds to GCC box in vitro
To analyze the DNA binding activity of CarERF116, the
recombinant 6X HIS tagged protein was expressed in E. coli
BL21and purified for its ability to bind GCC and DRE
Fig. 6 Molecular characterization of CarERF116. (a) Determination of
CarERF116 copy number by Southern blot hybridization. Southern blot
analysis of the CarERF116 gene. 15 μg genomic DNA (cv. ICC 4958);
digested with XbaI (lane a), EcoRI (lane b), HindIII (lane c); blotted onto
a nylon membrane; and then hybridized with the α-32P-labelled full
length CarERF116 cDNA as a probe. Only one band was obtained when
DNA was digested by restriction enzymes that do not cut in the probe
(EcoRI andHindIII) and two bands when it was digested by enzymes that
cut inside the probe (XbaI). (b) EMSAs showing sequence-specific
binding of the CarERF116 fusion protein to the GCC box. Lane 1 and
2: mutated GCC oligonucleotide incubated with 100 and 200 ng of
CarERF116 protein, respectively. Lane 3 and 4: wild-type GCC oligonu-
cleotide incubated with 100 and 200 ng of CarERF116 protein
respectively. Lane 5 and 6: mutated DRE oligonucleotide incubated with
100 and 200 ng of CarERF116 protein, respectively. Lane 7 and 8: wild
type DRE oligonucleotide incubated with 100 and 200 ng of CarERF116
protein, respectively. Two arrows indicate specific binding of wild type
GCC-CarERF116 complex and the unused free probes respectively. (c)
Transcription activation analysis of CarERF116 protein using Yeast I
hybrid system. Full length CarERF116 and truncated cDNA fragments
were cloned into the NdeI-PstI sites of pGBKT7. Numbers at left,
pGBKT7 represent empty pGBKT7 vector, GAL4-F represents full-
length CarERF116 protein and GAL4-A to D represents different truncat-
ed CarERF116 fragments. The transformed yeast cells grew on the
SD/-Trp and SD/-Trp/ α-X-Gal/AbA
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sequence in vitro. The electrophoretic mobility shift assay
(EMSA) results reveal that the recombinant CarERF116 fu-
sion protein binds to a 16 bp oligonucleotide probe containing
wild type GCC box sequence (GCCGCC) and gave rise to a
single, discrete DNA-protein complex that migrated slowly
than the free probe (Fig. 6b). The intensity of this shifted band
increased upon addition of increasing amounts (100–200 ng)
of recombinant CarERF116 protein. By contrast, CarERF161
did not bind to the mutated oligonucleotide probe, in which G
residues within GCC box were substituted by T residues
(Fujimoto et al. 2000; Gu et al. 2002). The recombinant
CarERF116 fusion protein could not bind to wild type and
mutated DRE box. The results clearly indicate that the chick-
pea ERF protein in vitro interacts only with the GCC box, but
not with the DRE box. These results are similar to the inter-
action property of the wheat ERF gene, TaPIEP1, which
interacts in vitro with GCC box element, but not with the
DRE element (Dong et al. 2010). Earlier it has been also
reported that the CaERFLP1 gene from hot pepper interacts
in vitro with both GCC and DRE box sequences, but with
different binding affinities and regulates both biotic and abi-
otic responses (Lee et al. 2004). Similarly tomato TERF1 and
JERF3 (Huang et al. 2004; Wang et al. 2004), wheat TaERF1
(Xu et al. 2007) and barley HvRAF (Jung et al. 2007) have
been shown to bind to both GCC and DRE elements. Tomato
ERF gene Pti4was shown to bind the GCC box in vitro and to
regulate the expression of several GCC box–containing genes
in vivo (Gu et al. 2000). Our EMSA assay suggests that
CarERF116 transcription factor binds specifically to the
GCC box cis-element and thus could activate the transcription
of downstream genes following binding to the GCC box in the
promoter.
CarERF116 promoter sequence contain several abiotic stress
related elements
To gain a better insight into the signalling function upstream
of the CarERF116, 5′-upstream sequence ofCarERF116 gene
was isolated by genome walking strategy. Two successive
genome walking PCR reactions eventually resulted in the
identification of 910 bp putative CarERF116 promoter region
(Fig. 7). The transcription start site (TSS) was mapped using 5′
RACE and confirmed by sequencing of five randomly select-
ed positive clones. Analysis of this amplified fragment re-
vealed that the putative transcription start site is 94 bp up-
stream of the initiation codon (ATG) of the CarERF116 gene.
A putative TATA box (ATTATA) sequence at −44 to −39
(relative to the transcription start site) and a CAAT box
(CAAT) at −97 to −94 were located in CarERF116 promoter.
The occurrence of these core promoter elements is consistent
with the regular feature of most of the eukaryotic promoters
(Zhu et al. 1995). Further analysis of CarERF116 promoter
sequence revealed presence of several conserved cis-acting
element related to biotic and biotic stress gene expression
regulation such as MYCATRD22 (Abe et al. 2003; Busk and
Pages 1998), MYCCONSENSUSAT (Agarwal et al. 2006),
MYB1AT (Abe et al. 2003), AUXREPSIAA4 (Klinedinst
et al. 2000), ATHB6COREAT (Himmelbach et al. 2002),
ERELEE4 (Tapia et al. 2005) and RAV1AAT (Hwang et al.
2008). In addition, five cis-acting regulatory elements of
Arabidopsis response regulatory DNA binding elements
(ARR1) were also found in the promoter region of
CarERF116 gene. The ARR1 are responsible for early re-
sponses to cytokinins (Haberer and Kieber 2002). Cytokinin
is a vital phytohormone controlling various events of plant
growth and development such as cell division, seed germina-
tion, root elongation, leaf senescence, and the transition from
vegetative growth to reproductive development. The
CarERF116 promoter also includes several copies of
NODCON1GM, NODCON2GM (Stougaard et al. 1990),
OSE1ROOTNODULE (Fehlberg et al. 2005) and
ROOTMOTIFTAPOX1 (Elmayan and Tepfer 1995) elements
associated with nodulin, AM symbiosis and root specific
expression (Campos-Soriano et al. 2011).
Overexpression of CarERF116 enhanced tolerance
to osmotic stresses and freezing during seed germination
To investigate the functional role of CarERF116, we used trans-
genic overexpression approach in Arabidopsis Col-0 under the
control of strong constitutive promoter CaMV 35S. No discern-
ible phenotypic differences were observed between the
35S::CarERF116 overexpression line OE-1, OE-2 and OE-3
and the wild type Arabidopsis plants grown on MS agar plates
and in the soil. The 35S::CarERF116 overexpression lines were
evaluated with different concentration of mannitol included in
the media to ascertain whether CarERF116 over expression
affected seed germination. There was no difference in seed
germination between the wild type and transgenic plants under
normal conditions (Fig. 8a). At 50, 100 and 200 mM concentra-
tion of mannitol, no significant difference was observed in seed
germination between the wild type and the transgenic
35S::CarERF116 plants (data not shown). However, at
400 mM mannitol concentration, more than 75 % seeds of the
35S::CarERF116 lines germinated and only 10 % of the wild
typeArabidopsis seeds germinated on the 5thday. On the 6th day,
the majority of (more than 92 %) 35S::CarERF116 seeds germi-
nated compared with only 22 % of wild type (Fig. 8b). Thus, the
overexpression of CarERF116 imparted tolerance toArabidopsis
against osmotic stress exerted by mannitol.
We also evaluated the response of CarERF116 overex-
pressing lines to freezing tolerance. The 35S::CarERF116
and the wild type seeds were subjected to −30 °C for 24 h
and later allowed to germinate at 22 °C. We found that
f reezing t reatment delayed germinat ion in both
35S::CarERF116 lines as well as wild type seeds (about
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5–6 days as compared with control seed germination).
However, more than 39 % of 35S::CarERF116 seed germi-
nated as compared to only 4 % seeds of the wild type at
21 days after the freezing treatment (Fig. 8c). These results
suggest that CarERF116 makes the Arabidopsis plant more
tolerant towards osmotic as well as freezing stress at the
seed germination stage. Similar observations of improved
freezing and osmotic stress tolerance during seed germina-
tion have been recorded for transgenic plants overexpress-
ing members of the ERF gene family such as tomato JERF3
(Wang et al. 2004), tobacco Tsi1 (Park et al. 2001), hot
pepper CaPF1 (Yi et al. 2004) and tomato TERF2 (Tian
et al. 2011).
Overexpression of CarERF116 in Arabidopsis alters ABA
sensitivity
Plant responses to environmental stresses are controlled by
ABA-dependent and independent signaling pathways. In-
order to determine the role of CarERF116 in stress signaling,
we evaluated the effect of exogenous application of ABA on
germination of 35S::CarERF116 seeds. Seeds of wild type and
progenies of 35S::CarERF116 were germinated at different
concentrations of ABA (0.1, 0.3, 1.0, 3.0 and 10 μM ABA).
The exogenous ABA (0.3-3.0 μM) affected the germination of
seeds in both wild type and 35S::CarERF116 overexpressed
plants (Fig. 8d). The 35S:CarERF116 transgenic Arabidopsis
plants showed enhanced insensitivity to ABA. For example, on
the 6th day, more than 95 % seed of 35S::CarERF116 seeds
germinated, whereas only 58 % of wild type seeds germinated
in the presence of 0.3 μMABA. At 1 μM of ABA, more than
74 % of 35S::CarERF116 seeds germinated, whereas most of
wild type seeds (less than 94 %) did not germinate. At higher
levels of ABA (more than 3.0 μM), none of the seeds of wild
type and 35S::CarERF116 transgenic could germinate
(Fig. 8e). The reduced ABA sensitivity of CarERF116 over-
expressing lines indicate that overexpression of CarERF116
has modified the ABA responsiveness in transgenic
Arabidopsis lines.
CarERF116 activates the expression of stress responsive
genes
In order to identify downstream target genes of CarERF116,
microarray analysis of Arabidopsis 35S::CarERF116 and wild
type (WT) plants were carried out using Affymetrix microar-
ray GenChip (Affymetrix). As shown in Additional file 1, 167
genes in 35S::CarERF116 plants were up-regulated and 137
genes showed down-regulation at least two fold higher rela-
tive to the wild type plant. These genes were categorized
according to their functional category and gene ontology
(GO) annotation (according to TAIR database: http://
Arabidopsis.org/tools/bulk/go/index.jsp) (Table S3 and Fig.
S5). Differentially expressed with GO terms related to biotic
and abiotic stresses genes were identified. Genes involved in
response to biotic and abiotic stresses categories are
summarised in Table 1. Several known biotic and abiotic
stress responsive genes were found significantly up-
regulated. Eight genes encoding late embryogenesis
abundant protein (LEA genes) were found to be highly up-
regulated in the CarERF116 overexpressing lines. Among
these up-regulated LEA genes, four genes encoding dehydrin
(AT2G21490) , ATHVA22B (AT5G62490) , LEA3
(AT1G02820) and LEA4.1 (AT1G32560) have been shown
to be involved in abiotic stress tolerance. The involvement
of LEA genes in abiotic stress tolerance particularly group 1, 2
3, and 4 of the nine different LEA groups has been well
documented in Arabidopsis (Puhakainen et al. 2004) and
Brassica (Dalal et al. 2009).
Similarly, two genes encoding peroxidase 64 (AT5G42180)
and peroxidase putative (AT1G44970) were also up-regulated
in transgenic 35S::CarERF116 Arabidopsis plants. The plant
produces ROS by activating peroxidise, which in turn cata-
lyzes the oxido-reduction of various substrates using H2O2
(Wasilewska et al. 2008). Under abiotic stress condition,
ROS has a dual effect based on cellular amounts. At low levels,
ROS likely to function as components of a stress-signaling
pathway, whereas at higher levels, ROS become extremely
deleterious, initiating uncontrolled oxidative cascades that
damage cellular membranes and other cellular components
Fig. 7 Putative cis-regulatory elements identified in CarERF116 promot-
er sequence. The 5′-upstream sequence of CarERF116 (911 bp) depicting
various putative cis-acting element. The possible cis-elements were
predicted by scanning CarERF116 promoter sequence using PlantCARE
and PLACE plant promoter analysis tools
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resulting in oxidative stress and eventually cell death
(Carvalho et al. 2008).
Gene encoding seed specific proteins such as oleosin
(AT4G25140, AT5G40420, AT3G27660 and AT3G01570)
were also up-regulated. GO and functional categorization
indicate involvement of these genes in lipid storage, seed
germination and response to freezing. Oleosin deficient
mutants showed reduced seed germination when subjected
to freezing indicates the role of oleosins in protecting seeds
against freeze/thaw-induced damage of their cells (Shimada
et al. 2008). Similarly, two low temperature and salt respon-
sive genes RCI2B (AT3G05890) and RCI2 (AT1G05260)were
also up-regulated in 35S::CarERF116 lines. These genes are
not only induced by low temperature, but also by ABA,
Fig. 8 Effect of mannitol, freezing and ABA on the germination of
Arabidopsis seeds over-expressing CarERF116. Percent seed germination
of wild type (WT) and 35S::CarERF116Arabidopsis seeds onMSmedium
and MS media with different concentrations of ABA or mannitol. OE-1,
OE-2 and OE-3 represent three independent T3 lines. Percent seed
germination of wild type (WT) and transgenic plants (OE-1, OE-2 and
OE-3) on (a) MS agar medium (b) MS agar medium containing 400 mM
mannitol (c) 0.1–3.0 μMABA and (d) 1 μMABA. (e) In order to check
the response of freezing stress on germination of Arabidopsis seeds over-
expressing CarERF116, Seeds of wild type (WT), OE1 and OE2 were
stored at −30 °C for 24 h (for freezing stress treatment) and were then
allowed to germinate at room temperature. The data on seed germination
were recorded at 21 days after plating
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Table 1 Stress and defense-
related genes up-regulated by
CarERF116. Genes up-regulated
in CarERF116 transgenic
Arabidopsis plants
(35S::CarERF116) compared
with wild-type Arabidopsis
plants. Genes involved in re-
sponse to biotic and abiotic stress
categories are listed with the fold
induction in transgenic
35S::CarERF116 line in compari-
son to that in the wild-type plants.
Complete list of differentially
expressed genes is available in
Table S3
AGI code Description (TAIR annotation) Fold change
LEA
AT3G15670 LEA protein 44.4
AT1G52690 LEA protein, putative 10.8
AT3G17520 LEA domain-containing protein 10.7
AT2G21490 LEA (DEHYDRIN LEA) 8.8
AT5G62490 ATHVA22B (Arabidopsis thaliana HVA22 homologue B) 7.9
AT1G32560 Late embryogenesis abundant group 4.1 7.7
AT4G21020 LEA domain-containing protein 6.2
AT1G02820 Late embryogenesis abundant 3 family protein 3.7
Seed protein
AT4G25140 OLEO1 (OLEOSIN1) 275.8
AT5G40420 OLEO2 (OLEOSIN 2) 175.8
AT3G27660 OLEO4 (OLEOSIN4) 31.9
AT3G01570 Glycine-rich protein / oleosin 48.9
AT4G26740 ATS1 (Arabidopsis thaliana Seed Gene 1) 43.6
AT5G55240 Caleosin-related family protein / embryo-specific protein 5.9
Cold
AT3G05890 RCI2B (RARE-COLD-INDUCIBLE 2B) 4.3
AT1G05260 RCI3 (RARE COLD INDUCIBLE GENE 3) 2.4
Pathogenesis related protein
AT2G15010 Pathogenesis-related protein (PR-13) 56.3
AT2G02120 LCR70/PDF2.1 (Low-molecular-weight cysteine-rich 70) 23.8
AT1G47540 Trypsin inhibitor, putative 23.6
AT1G75830 LCR67/PDF1.1 (Low-molecular-weight cysteine-rich 67) 6.1
AT4G23690 Disease resistance-responsive family protein 2.8
AT1G72260 THI2.1 (THIONIN 2.1) 2.4
Enzymes
AT1G14950 Polyketidecyclase 27.9
AT1G54870 Oxidoreductase 23.5
AT1G14940 Polyketidecyclase 7.0
AT2G29130 LAC2 (laccase 2) 4.8
AT5G49190 SUS2 (SUCROSE SYNTHASE 2) 4.6
AT3G60140 DIN2 (DARK INDUCIBLE 2) 4.4
AT3G59845 NADP-dependent oxidoreductase 3.3
AT2G29090 CYP707A2. ABA 8′-hydroxylase activity 2.9
AT3G19450 CAD4 (CINNAMYL ALCOHOL DEHYDROGENASE 4) 2.8
AT3G12710 Methyladenineglycosylase family protein 2.1
AT2G37040 PAL1 (PHE AMMONIA LYASE 1) 2.1
AT4G18780 CESA8 (CELLULOSE SYNTHASE 8) 2.0
Detoxification
AT1G48130 ATPER1 (1-cysteine peroxiredoxin 1) 54.7
AT3G56350 Superoxide dismutase (Mn) 9.7
AT5G42180 Peroxidase 64 (PER64) (P64) (PRXR4) 2.9
AT1G44970 Peroxidase, putative 2.2
Others
AT1G64780 ATAMT1;2 (AMMONIUM TRANSPORTER 1;2) 3.1
AT1G69530 ATEXPA1 (ARABIDOPSIS EXPANSIN A1) 2.9
AT3G12610 DRT100 (DNA-DAMAGE REPAIR/TOLERATION 100) 2.2
AT5G25830 Zinc finger (GATA type) family protein 2.1
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dehydration, and high salt concentration (Medina et al. 2007).
Expression of several known disease resistance genes such as
PDF1.1 (AT1G75830) PDF 1.2 (AT2G02120), PR-13
(AT2G15010), THI2.1 (AT1G72260) and trypsin inhibitor
(AT1G47540) showed up-regulation. Gene members of the
PDF, PR and THI (thionin) were found to be regulated by
ERF genes (Zarei et al. 2011). The expression analysis
CarERF116 under different stress and expression of both
freezing and pathogenesis related genes indicates that the
CarERF116 may be playing crucial role in the crosstalk be-
tween cold tolerance and pathogen resistance in chickpea.
Recently, several other studies also indicated that the freezing
signals are closely linked to pathogen resistance in plants (Zhu
et al. 2014).
Discussion
Chickpea (Cicer arietinum L.) is the Asia’s first and world’s
second-largest cultivated food legume (FAOSTAT 2012).
Chickpea is known for its better drought tolerance than most
other cool-season food legumes, but the basis of its tolerance
is still unknown. Several efforts have been made towards
understanding the drought tolerance mechanism in chickpea
using a variety of genomics, transcriptomics and Bioinformat-
ics tools (Deokar et al. 2011; Varshney et al. 2009; Varshney
et al. 2014). Additionally, using comparative genomics and
available EST resources, chickpea homologs for previously
characterized dehydration induced genes has been identified
and tested for their performance under different stress condi-
tions in the heterologous transgenic plants (Kaur et al. 2013;
Shukla et al. 2006).
Transcription factors are master regulators of gene expres-
sion and several of them have been reported to involve in
stress response and plant development. The homologs of AP2/
ERF domain transcription factors are vital candidate for biotic
and abiotic stress improvements in plants. Several homologs
of AP2/ERF domain genes such as TaERF from wheat (Xu
et al. 2007), JERF1 and JERF3 from tomato (Zhang et al.
2010) and AP37, and AP59 from rice (Oh et al. 2009) impart
enhanced tolerance for several abiotic stresses. Similarly,
some of the ERF genes (e.g., GmERF3) induced by both
biotic and abiotic stresses and conferred enhanced resistance
against pathogens and tolerance to high salinity and dehydra-
tion stresses (Zhang et al. 2009). The above observation
indicate that ERF gens involved in both abiotic and biotic
stress responses and also enhances multiple stress tolerance.
The CAP2, an ortholog of DREB2 gene from chickpea has
showed abiotic stress specific expression response and im-
proved drought tolerance in transgenic tobacco plants (Shukla
et al. 2006), apart for CAP2 gene, none of the homologous
AP2/ERF genes have been identified and characterized in
chickpea.
We identified and performed genome-wide analyses of 120
chickpea ERF transcription factors. This analysis is the first
comprehensive study of the ERF gene family in chickpea and
provides a valuable resource for further study into the func-
tional analysis of these genes in chickpea and also compara-
tive genomics studies of ERF genes in other grain legumes.
The number of ERF genes in chickpea (120) is in close
agreement to the Arabidopsis (122), but is slightly
higher than in Medicago truncatula (106). The gene family
size variation is an important indication of the involvement of
the various gene families in the evolution of complex traits,
diversification, and adaptation (Jacquemin et al. 2014). Gene
families continually undergo expansion (via gene duplication)
and contraction (via gene deletions) which affects the gene
family size. However, the process of expansion and contrac-
tion among different lineage are different (Guo 2013) and also
the variable selective pressure on gene family members may
also contribute to the diverse gene family size. Based on the
above observations, the larger ERF subfamily size over the
DREB subfamily in chickpea might suggest a predominant
role of ERF members in the better adaptation of chickpea to
adverse environmental conditions.
We found several conserved motifs outside of the AP2/ERF
domain which are a common feature with several other mem-
bers of the ERF gene family of Arabidopsis, soybean and rice.
These motifs with unknown function can be potentially
characterised by associating them with functionally known
motifs from other plant species. The identification of con-
served and functionally relevant motif outside the AP2/ERF
domain of chickpea ERF genes helps to classify them into
groups, as the functionally important regions in proteins (do-
mains and motifs) tend to be more conserved among the
related proteins (Horan et al. 2010). The conserved motif
sequences between the proteins may specify the functional
Table 1 (continued)
AGI code Description (TAIR annotation) Fold change
AT5G44380 FAD-binding domain-containing protein 2.1
AT1G74660 MIF1 (MINI ZINC FINGER 1); DNA binding 2.1
AT3G22840 ELIP1 (EARLY LIGHT-INDUCABLE PROTEIN) 2.0
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equivalence, and thus can be reliably used to predict functional
feature of uncharacterised proteins from the newly sequenced
chickpea genome.
The gene duplication analysis within the CarERF gene
family indicates that, the chickpea ERF gene family content
mainly emerged from segmental duplication. Similarly, the
predominant contribution of segmental duplication in expan-
sion of transcription factor families in Arabidopsis (Liu et al.
2013), maize (Wei et al. 2012), rice (Sharoni et al. 2011), and
soybean (Yin et al. 2013) has been also reported earlier.
Quantitative PCR demonstrated that CarERF116 was in-
duced by multiple stresses, including dehydration, salinity,
cold stress, ABA, GA3, SA and ethephon. The response of
CarERF116 to several abiotic stresses implied that
CarERF116 might be involved in different stress signaling
pathways as a connection point. In addition, the CarERF116
promoter sequence analysis identified the presence of several
biotic and abiotic stress responsive cis-elements which further
correlate with the pattern of CarERF116 expression under
various biotic and abiotic stresses.
The CarERF116-overexpressing Arabidopsis plants show
osmotic stress and freezing tolerance during seed germination.
CarERF116 overexpression displayed up-regulation of anti-
oxidants genes which play major roles in preventing oxidative
damage under stress. Emerging evidence also suggests that the
oxidative stress dependent signaling pathway plays key roles
in the crosstalk between different biotic and abiotic stress
signaling (Schmidt et al. 2013). Based on our data, we propose
a model to explain the potential role of CarERF116 in re-
sponse to multiple stresses in chickpea (Fig. S6). Our results
provide a view that the CarERF116might regulate the expres-
sion of genes involved in ROS-scavenging and ROS accumu-
lation and in turn contribute towards improved tolerance
against osmotic stress. Further, large numbers of genes for
the synthesis of the osmo-protectant such as LEA genes were
highly expressed in CarERF116-overexpressing Arabidopsis.
Accumulation of LEA protein in CarERF116-overexpressing
Arabidopsis most likely provides osmotic stress tolerance
during seed germination. Plants adapted in temperate and cool
temperate areas, with acquired freezing tolerance have been
shown to withstand multiple stresses such as mechanical
stress, low-temperature stress and drought stress (Shimada
et al. 2008). At the molecular level, plants subjected to low
temperature and drought stress exhibit very similar responses
and several genes induced by drought and low temperature
stress are common (Shinozaki and Yamaguchi-Shinozaki
2000). Our expression analysis also shows that CarERF116
is highly induced in response to both dehydration and cold
stress. In the transgenic Arabidopsis plant, CarERF116 might
be regulating genes involved in both dehydration as well as
cold stress.
The phytohormone abscisic acid (ABA) plays an important
role in seed dormancy, embryo development and adaptation to
various environmental stresses, including drought, salt, cold,
and other abiotic stresses (Xiang et al. 2008). A number of
studies have shown that enhanced drought tolerance is asso-
ciated with hypersensitivity to ABA treatments during seed
germination and early seedling development (Ko et al. 2006).
Interestingly, in the Arabidopsis CarERF116 overexpressing
lines the osmotic stress tolerance is not associated with ABA
sensitivity, rather the overexpression lines showed more in-
sensitivity for the ABA during seed germination. These results
provide new insight into the ERF transcription factors as
involved in abiotic stress response in chickpea. The precise
mechanisms behind increased osmotic tolerance associated
with decreased sensitivity towards ABA in the CarERF116
overexpressing Arabidopsis lines is still unknown, but similar
phenotype of reduced ABA sensitivity has been reported for
the overexpression of AtTPS1 (Avonce et al. 2004), CaXTH3
(Cho et al. 2006), OsMYB3R-2 (Dai et al. 2007), OsWRKY45
(Qiu and Yu 2009) and ABO3 (Ren et al. 2010). It may be
possible that there are several pathways separately involved in
ABA response and stress tolerance in Arabidopsis, and the
overexpressed CarERF116 under control of the constitutive
CaMV 35S promoter in Arabidopsis plants may be regulating
the genes involved in both the pathways simultaneously.
However, our understanding of the exact role and CarERF116
in regulating ABA insensitivity and stress tolerance is not yet
complete and only further experimentation will be able to
clarify the picture. The present study provides new insight
into the ERF transcription factor family and CarERF116 as
involved in abiotic stress response in chickpea.
Acknowledgements We gratefully acknowledge financial support from
the Indian Council of Agricultural Research (ICAR) under the Network
Project on Transgenics in Crops (NPTC) and the National Fund for Basic,
Strategic and Frontier Application Research in Agriculture (NFBSFARA)
to RS. We thank Dr. Pooran Gaur of ICRISAT for sharing the seeds of
chickpea genotypes used in the study. We also acknowledge Dr. K.V.
Prabhu and the staff of National Phytotron Facility, IARI, New Delhi-
110012, India, for their help in growing plant materials in the growth
chambers and greenhouses.
References
Abe H, Urao T, Ito T, Seki M, Shinozaki K, Yamaguchi-Shinozaki K
(2003) Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) func-
tion as transcriptional activators in abscisic acid signaling. Plant Cell
15:63–78. doi:10.1105/tpc.006130
Agarwal M, Hao YJ, Kapoor A, Dong CH, Fujii H, Zheng XW, Zhu JK
(2006) A R2R3 type MYB transcription factor is involved in the
cold regulation of CBF genes and in acquired freezing tolerance. J
Biol Chem 281:37636–37645. doi:10.1074/jbc.M605895200
Allen MD, Yamasaki K, Ohme-Takagi M, TatenoM, Suzuki M (1998) A
novel mode of DNA recognition by a beta-sheet revealed by the
solution structure of the GCC-box binding domain in complex with
DNA. EMBO J 17:5484–5496. doi:10.1093/emboj/17.18.5484
Avonce N, Leyman B, Mascorro-Gallardo JO, Van Dijck P, Thevelein JM,
Iturriaga G (2004) The Arabidopsis trehalose-6-P synthase AtTPS1
Funct Integr Genomics (2015) 15:27–46 43
gene is a regulator of glucose, abscisic acid, and stress signaling.
Plant Physiol 136:3649–3659. doi:10.1104/pp. 104.052084
Balaji S, Babu MM, Iyer LM, Aravind L (2005) Discovery of the
principal specific transcription factors of Apicomplexa and their
implication for the evolution of the AP2-integrase DNA binding
domains. Nucleic Acids Res 33:3994–4006. doi:10.1093/nar/
gki709
Busk PK, Pages M (1998) Regulation of abscisic acid-induced transcrip-
tion. Plant Mol Biol 37:425–435. doi:10.1023/a:1006058700720
Campos-Soriano L, Gomez-Ariza J, Bonfante P, Segundo BS (2011) A
rice calcium-dependent protein kinase is expressed in cortical root
cells during the presymbiotic phase of the arbuscular mycorrhizal
symbiosis. BMC Plant Biol 11 doi:10.1186/1471-2229-11-90
Carvalho LC, Santos S, Vilela BJ, Amancio S (2008) Solanum
lycopersicon Mill. and Nicotiana benthamiana L. under high light
show distinct responses to anti-oxidative stress. J Plant Physiol 165:
1300–1312. doi:10.1016/j.jplph.2007.04.009
Chen H, Nelson RS, Sherwood JL (1994) Enhanced recovery of
transformants ofAgrobacterium tumefaciens after freeze-thaw trans-
formation and drug selection. Biotech 16(4):664–668
Cheong YH, Moon BC, Kim JK, Kim CY, Kim MC, Kim IH, Park CY,
Kim JC, Park BO, Koo SC et al (2003) BWMK1, a rice mitogen-
activated protein kinase, locates in the nucleus and mediates
pathogenesis-related gene expression by activation of a transcription
factor. Plant Physiol 132:1961–1972
Cho SK, Kim JE, Park JA, Eom TJ, Kim WT (2006) Constitutive
expression of abiotic stress-inducible hot pepper CaXTH3, which
encodes a xyloglucan endotransglucosylase/hydrolase homolog, im-
proves drought and salt tolerance in transgenic Arabidopsis plants.
FEBS Lett 580:3136–3144. doi:10.1016/j.febslet.2006.04.062
Clough SJ, Bent AF (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana.
Plant J 16:735–743. doi:10.1046/j.1365-313x.1998.00343.x
Dai XY, Xu YY, Ma QB, Xu WY, Wang T, Xue YB, Chong K (2007)
Overexpression of an R1R2R3 MYB gene, OsMYB3R-2, increases
tolerance to freezing, drought, and salt stress in transgenic Arabidopsis.
Plant Physiol 143:1739–1751. doi:10.1104/pp. 106.094532
Dalal M, Tayal D, Chinnusamy V, Bansal KC (2009) Abiotic stress and
ABA-inducible group 4 LEA from Brassica napus plays a key role
in salt and drought tolerance. J Biotechnol 139:137–145. doi:10.
1016/j.jbiotec.2008.09.014
Dellaporta S, Wood J, Hicks J (1983) A plant DNA minipreparation:
version II plant. Mol Biol Rep 1:19–21. doi:10.1007/BF02712670
Deokar AA, Kondawar V, Jain PK, Karuppayil SM, Raju NL, Vadez V,
Varshney RK, Srinivasan R (2011) Comparative analysis of
expressed sequence tags (ESTs) between drought-tolerant and -
susceptible genotypes of chickpea under terminal drought stress.
BMC Plant Biol 11 doi:10.1186/1471-2229-11-70
Dong N, Liu X, Lu Y, Du LP, Xu HJ, Liu HX, Xin ZY, Zhang ZY (2010)
Overexpression of TaPIEP1, a pathogen-induced ERF gene of
wheat, confers host-enhanced resistance to fungal pathogen
Bipolaris sorokiniana. Funct Integr Genomic 10:215–226. doi:10.
1007/s10142-009-0157-4
Elmayan T, Tepfer M (1995) Evaluation in tobacco of the organ speci-
ficity and strength of the rold promoter, domain-A of the 35S
promoter and the 35S (2) promoter. Transgenic Res 4:388–396.
doi:10.1007/bf01973757
FAOSTAT (2012). http://faostat.fao.org/.
Fehlberg V, Vieweg MF, Dohmann EMN, Hohnjec N, Puhler A, Perlick
AM, Kuster H (2005) The promoter of the leghaemoglobin gene
VfLb29: functional analysis and identification of modules necessary
for its activation in the infected cells of root nodules and in the
arbuscule-containing cells of mycorrhizal roots. J Exp Bot 56:799–
806. doi:10.1093/jxb/eri074
Fujimoto SY, Ohta M, Usui A, Shinshi H, Ohme-Takagi M (2000)
Arabidopsis ethylene-responsive element binding factors act as
transcriptional activators or repressors of GCC box-mediated gene
expression. Plant Cell 12:393–404. doi:10.2307/3870944
Gu YQ, Yang C, Thara VK, Zhou J, Martin GB (2000) Pti4 is induced by
ethylene and salicylic acid, and its product is phosphorylated by the
Pto kinase. Plant Cell 12:771–785. doi:10.2307/3871000
Gu YQ, Wildermuth MC, Chakravarthy S, Loh YT, Yang C, He X, Han
Y, Martin GB (2002) Tomato transcription factors Pti4, Pti5, and
Pti6 activate defense responses when expressed in Arabidopsis.
Plant Cell 14:817–831. doi:10.1105/tpc.000794
Guo YL (2013) Gene family evolution in green plants with emphasis on
the origination and evolution of Arabidopsis thaliana genes. Plant J
73:941–951. doi:10.1111/tpj.12089
Haberer G, Kieber JJ (2002) Cytokinins. New insights into a classic
phytohormone. Plant Physiol 128:354–362. doi:10.1104/pp. 010773
Himmelbach A, Hoffmann T, Leube M, Hohener B, Grill E (2002)
Homeodomain protein ATHB6 is a target of the protein phosphatase
ABI1 and regulates hormone responses in Arabidopsis. EMBO J 21:
3029–3038. doi:10.1093/emboj/cdf316
Horan K, Shelton CR, Girke T (2010) Predicting conserved protein
motifs with Sub-HMMs. BMC Bioinforma 11:205. doi:10.1186/
1471-2105-11-205
Hu YB, Chong K, Wang T (2008) OsRAF is an ethylene responsive and
root abundant factor gene of rice. Plant Growth Regul 54:55–61.
doi:10.1007/s10725-007-9228-5
Huang ZJ, Zhang ZJ, Zhang XL, Zhang HB, Huang DF, Huang RF
(2004) Tomato TERF1 modulates ethylene response and enhances
osmotic stress tolerance by activating expression of downstream
genes. FEBS Lett 573:110–116. doi:10.1016/j.febslet.2004.07.064
Hwang SH, Lee IA, Yie SW, Hwang DJ (2008) Identification of an
OsPR10a promoter region responsive to salicylic acid. Planta 227:
1141–1150. doi:10.1007/s00425-007-0687-8
Jacquemin J, Ammiraju JS, Haberer G, Billheimer DD, Yu Y, Liu LC,
Rivera LF, Mayer K, Chen M, Wing RA (2014) Fifteen million
years of evolution in the oryza genus shows extensive gene family
expansion. Mol Plant 7:642–656. doi:10.1093/mp/sst149
Jung J, Won SY, Suh SC, Kim H, Wing R, Jeong Y, Hwang I, Kim M
(2007) The barley ERF-type transcription factor HvRAF confers
enhanced pathogen resistance and salt tolerance in Arabidopsis.
Planta 225:575–588. doi:10.1007/s00425-006-0373-2
Kagale S, Rozwadowski K (2011) EAR motif-mediated transcriptional
repression in plants: an underlying mechanism for epigenetic regu-
lation of gene expression. Epigenetics 6:141–146
Kaur H, Verma P, Petla BP, Rao V, Saxena SC, Majee M (2013) Ectopic
expression of the ABA-inducible dehydration-responsive chickpea
L-myo-inositol 1-phosphate synthase 2 (CaMIPS2) in Arabidopsis
enhances tolerance to salinity and dehydration stress. Planta 237:
321–335. doi:10.1007/s00425-012-1781-0
Klinedinst S, Pascuzzi P, Redman J, Desai M, Arias J (2000) A
xenobiotic-stress-activated transcription factor and its cognate target
genes are preferentially expressed in root tip meristems. Plant Mol
Biol 42:679–688
Ko JH, Yang SH, Han KH (2006) Upregulation of an Arabidopsis RING-
H2 gene, XERICO, confers drought tolerance through increased
abscisic acid biosynthesis. Plant J 47:343–355. doi:10.1111/j.1365-
313X.2006.02782.x
Lee JH, Hong JP, Oh SK, Lee S, Choi D, Kim WT (2004) The ethylene-
responsive factor like protein 1 (CaERFLP1) of hot pepper
(Capsicum annuum L.) interacts in vitro with both GCC and DRE/
CRT sequences with different binding affinities: Possible biological
roles of CaERFLP1 in response to pathogen infection and high
salinity conditions in transgenic tobacco plants. Plant Mol Biol 55:
61–81. doi:10.1007/s11103-004-0417-6
Licausi F, Giorgi FM, Zenoni S, Osti F, Pezzotti M, Perata P (2010)
Genomic and transcriptomic analysis of the AP2/ERF superfamily
in Vitis vinifera. BMC Genomics 11:719. doi:10.1186/1471-2164-
11-719
44 Funct Integr Genomics (2015) 15:27–46
Liu Z, Kong L, Zhang M, Lv Y, Liu Y, ZouM, Lu G, Cao J, Yu X (2013)
Genome-wide identification, phylogeny, evolution and expression
patterns of AP2/ERF genes and cytokinin response factors in
Brassica rapa ssp. pekinensis. PLoS One 8:e83444
Medina J, Ballesteros ML, Salinas J (2007) Phylogenetic and functional
analysis of Arabidopsis RCI2 genes. J Exp Bot 58:4333–4346. doi:
10.1093/jxb/erm285
Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K (2012) AP2/ERF family
transcription factors in plant abiotic stress responses. Biochim
Biophys Acta 1819:86–96. doi:10.1016/j.bbagrm.2011.08.004
Nakano T, Suzuki K, Fujimura T, Shinshi H (2006) Genome-wide anal-
ysis of the ERF gene family in Arabidopsis and rice. Plant Physiol
140:411–432. doi:10.1104/pp. 105.073783
Oh SJ, Kim YS, Kwon CW, Park HK, Jeong JS, Kim JK (2009)
Overexpression of the transcription factor AP37 in rice improves
grain yield under drought conditions. Plant Physiol 150:1368–1379.
doi:10.1104/pp. 109.137554
Okamuro JK, Caster B, Villarroel R, VanMontaguM, Jofuku KD (1997)
TheAP2 domain of APETALA2 defines a large new family of DNA
binding proteins in Arabidopsis. Proc Natl Acad Sci U S A 94:
7076–7081. doi:10.1073/pnas.94.13.7076
Park JM, Park CJ, Lee SB, Ham BK, Shin R, Paek KH (2001)
Overexpression of the tobacco Tsi1 gene encoding an EREBP/
AP2-Type transcription factor enhances resistance against pathogen
attack and osmotic stress in tobacco. Plant Cell 13:1035–1046. doi:
10.2307/3871362
Puhakainen T, Hess MW, Makela P, Svensson J, Heino P, Palva ET
(2004) Overexpression of multiple dehydrin genes enhances toler-
ance to freezing stress in Arabidopsis. Plant Mol Biol 54:743–753.
doi:10.1023/B:PLAN.0000040903.66496.a4
Qiu YP, Yu DQ (2009) Over-expression of the stress-induced
OsWRKY45 enhances disease resistance and drought tolerance in
Arabidopsis. Environ Exp Bot 65:35–47. doi:10.1016/j.envexpbot.
2008.07.002
RenX, Chen Z, Liu Y, ZhangH, ZhangM, Liu Q, HongX, Zhu JK, Gong
Z (2010) ABO3, a WRKY transcription factor, mediates plant
responses to abscisic acid and drought tolerance in Arabidopsis.
Plant J 63:417–429. doi:10.1111/j.1365-313X.2010.04248.x
Saibo NJM, Lourenco T, Oliveira MM (2009) Transcription factors
and regulation of photosynthetic and related metabolism under
environmental stresses. Annals Bot 103:609–623. doi:10.1093/
aob/mcn227
Sakuma Y, Liu Q, Dubouzet JG, Abe H, Shinozaki K, Yamaguchi-
Shinozaki K (2002) DNA-binding specificity of the ERF/AP2 do-
main of Arabidopsis DREBs, transcription factors involved in
dehydration- and cold-inducible gene expression. Biochem Bioph
Res Co 290:998–1009. doi:10.1006/bbrc.2001.6299
Sambrook J, Rusell DW (2001) Molecular Cloning: A Laboratory
Manual Volume 1. Cold Spring Harbor. CSHL Press, New York
Schmidt R, Mieulet D, Hubberten HM, Obata T, Hoefgen R, Fernie AR
et al (2013) Salt-responsive ERF1 regulates reactive oxygen species-
dependent signaling during the initial response to salt stress in rice.
Plant Cell 25:2115–2131. doi:10.1105/tpc.113.113068
Sharoni AM, Nuruzzaman M, Satoh K, Shimizu T, Kondoh H,
Sasaya T, Choi IR, Omura T, Kikuchi S (2011) Gene structures,
classification and expression models of the AP2/EREBP tran-
scription factor family in rice. Plant Cell Physiol 52:344–360.
doi:10.1093/pcp/pcq196
Shimada TL, Shimada T, Takahashi H, Fukao Y, Hara-Nishimura I (2008)
A novel role for oleosins in freezing tolerance of oilseeds in
Arabidopsis thaliana. Plant J 55:798–809. doi:10.1111/j.1365-
313X.2008.03553.x
Shinozaki K, Yamaguchi-Shinozaki K (2000) Molecular responses to
dehydration and low temperature: differences and cross-talk be-
tween two stress signaling pathways. Curr Opin Plant Biol 3:217–
223. doi:10.1016/s1369-5266(00)80068-0
Shukla RK, Raha S, Tripathi V, Chattopadhyay D (2006) Expression of
CAP2, an APETALA2-family transcription factor from chickpea,
enhances growth and tolerance to dehydration and salt stress in
transgenic tobacco. Plant Physiol 142:113–123. doi:10.1104/pp.
106.081752
Stougaard J, Jorgensen JE, Christensen T, Kuhle A, Marcker KA (1990)
Interdependence and nodule specificity of cis-acting regulatory ele-
ments in the soybean leghemoglobin-lbc3 and n23 gene promoters.
Mol Gen Genet 220:353–360. doi:10.1007/bf00391738
Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011)
MEGA5: molecular evolutionary genetics analysis using maximum
likelihood, evolutionary distance, and maximum parsimony
methods. Mol Biol Evol 28:2731–2739. doi:10.1093/molbev/
msr121
Tang W, Charles TM, Newton RJ (2005) Overexpression of the pepper
transcription factor CaPF1 in transgenic virginia pine (Pinus
virginiana mill.) confers multiple stress tolerance and enhances
organ growth. Plant Mol Biol 59:603–617. doi:10.1007/s11103-
005-0451-z
Tapia G, Verdugo I, Yañez M, Ahumada I, Theoduloz C, Cordero C,
Poblete F, González E, Ruiz-Lara S (2005) Involvement of ethylene
in stress-induced expression of the TLC1.1 retrotransposon from
Lycopersicon chilense Dun. Plant Physiol 138:2075–2086. doi:10.
1104/pp.105.059766
Tian Y, Zhang HW, Pan XW, Chen XL, Zhang ZJ, Lu XY, Huang RF
(2011) Overexpression of ethylene response factor TERF2 confers
cold tolerance in rice seedlings. Transgenic Res 20:857–866. doi:10.
1007/s11248-010-9463-9
Tiwari SB, Belachew A, Ma SF, Young M, Ade J, Shen Y, Marion CM,
Holtan HE, Bailey A, Stone JK, Edwards L, Wallace AD, Canales
RD, Adam L, Ratcliffe OJ, Repetti PP (2012) The EDLL motif: a
potent plant transcriptional activation domain from AP2/ERF tran-
scription factors. Plant J 70:855–865. doi:10.1111/j.1365-313X.
2012.04935.x
Varshney RK, Hiremath PJ, Lekha P, Kashiwagi J, Balaji J, Deokar AA,
Vadez V, Xiao Y, Srinivasan R, Gaur PM, Siddique KHM, TownCD,
Hoisington DA (2009) A comprehensive resource of drought- and
salinity-responsive ESTs for gene discovery and marker develop-
ment in chickpea (Cicer arietinum L.). BMC Genomics 10 doi:10.
1186/1471-2164-10-523
Varshney RK, SongC, SaxenaRK, AzamS,Yu S, Sharpe AG, Cannon S,
Baek J, Rosen BD, Tar’an B et al (2013) Draft genome sequence of
chickpea (Cicer arietinum) provides a resource for trait improve-
ment. Nat Biotechnol 31:240–246
Varshney RK, Thudi M, Nayak SN, Gaur PM, Kashiwagi J,
Krishnamurthy L, Jaganathan D, Koppolu J, Bohra A, Tripathi S,
Rathore A et al (2014) Genetic dissection of drought tolerance in
chickpea (Cicer arietinum L.) TAG Theoretical and applied genetics.
Theor Appl Genet 127:445–462. doi:10.1007/s00122-013-2230-6
Wang H, Huang Z, Chen Q, Zhang Z, Zhang H, Wu Y, Huang D, Huang
R (2004) Ectopic overexpression of tomato JERF3 in tobacco acti-
vates downstream gene expression and enhances salt tolerance.
Plant Mol Biol 55:183–192. doi:10.1007/s11103-004-0113-6
Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, Lee TH, Jin H,
Marler B, Guo H, Kissinger JC, Paterson AH (2012) MCScanX: a
toolkit for detection and evolutionary analysis of gene synteny and
colinearity. Nucleic Acids Res 40:e49. doi:10.1093/nar/gkr1293
Wasilewska A, Vlad F, Sirichandra C, Redko Y, Jammes F, Valon C, Frei
dit Frey N, Leung J (2008) An update on abscisic acid signaling in
plants and more. Mol Plant 1:198–217. doi:10.1093/mp/ssm022
Wei K, Chen J, Wang Y, Chen Y, Chen S, Lin Y, Pan S, Zhong X, Xie D
(2012) Genome-wide analysis of bZIP-encoding genes in maize.
DNA Res 19:463–476. doi:10.1093/dnares/dss026
Xiang Y, Tang N, Du H, Ye HY, Xiong LZ (2008) Characterization of
OsbZIP23 as a key player of the basic leucine zipper transcription
factor family for conferring abscisic acid sensitivity and salinity and
Funct Integr Genomics (2015) 15:27–46 45
drought tolerance in rice. Plant Physiol 148:1938–1952. doi:10.
1104/pp. 108.128199
Xu ZS, Xia LQ, Chen M, Cheng XG, Zhang RY, Li LC, Zhao YX, Lu Y,
Ni ZY, Liu L, Qiu ZG, Ma YZ (2007) Isolation and molecular
characterization of the Triticum aestivum L. ethylene-responsive
factor 1 (TaERF1) that increases multiple stress tolerance. Plant
Mol Biol 65:719–732. doi:10.1007/s11103-007-9237-9
Yi SY, Kim JH, Joung YH, Lee S, Kim WT, Yu SH, Choi D (2004) The
pepper transcription factor CaPF1 confers pathogen and freezing
Tolerance in Arabidopsis. Plant Physiol 136:2862–2874. doi:10.
1104/pp. 104.042903
Yin G, XuH, Xiao S, Qin Y, Li Y, Yan Y, Hu Y (2013) The large soybean
(Glycine max) WRKY TF family expanded by segmental duplica-
tion events and subsequent divergent selection among subgroups.
BMC Plant Biol 13:148. doi:10.1186/1471-2229-13-148
Youm JW, Jeon JH, Choi D, Yi SY, Joung H, Kim HS (2008) Ectopic
expression of pepper CaPF1 in potato enhances multiple stresses
tolerance and delays initiation of in vitro tuberization. Planta 228:
701–708. doi:10.1007/s00425-008-0782-5
Zarei A, Korbes AP, Younessi P, Montiel G, Champion A, Memelink J
(2011) Two GCC boxes and AP2/ERF-domain transcription factor
ORA59 in jasmonate/ethylene-mediated activation of the PDF1.2
promoter in Arabidopsis. Plant Mol Biol 75:321–331. doi:10.1007/
s11103-010-9728-y
Zhang G, Chen M, Chen X, Xu Z, Guan S, Li LC, Li A, Guo J, Mao L,
Ma Y (2008) Phylogeny, gene structures, and expression patterns of
the ERF gene family in soybean (Glycine max L.). J Exp Bot 59:
4095–4107. doi:10.1093/jxb/ern248
Zhang GY, Chen M, Li LC, Xu ZS, Chen XP, Guo JM, Ma YZ (2009)
Overexpression of the soybean GmERF3 gene, an AP2/ERF type
transcription factor for increased tolerances to salt, drought, and
diseases in transgenic tobacco. J Exp Bot 60:3781–3796. doi:10.
1093/jxb/erp214
Zhang H, Liu W, Wan L, Li F, Dai L, Li D, Zhang Z, Huang R (2010)
Functional analyses of ethylene response factor JERF3 with the
aim of improving tolerance to drought and osmotic stress in
transgenic rice. Transgenic Res 19:809–818. doi:10.1007/
s11248-009-9357-x
Zhu Q, Dabi T, Lamb C (1995) TATA box and initiator functions in the
accurate transcription of a plant minimal promoter in-vitro. Plant
Cell 7:1681–1689. doi:10.2307/3870029
Zhu X, Qi L, Liu X, Cai S, Xu H, Huang R, Li J, Wei X, Zhang
Z (2014) The wheat ethylene response factor transcription
factor pathogen-induced ERF1 mediates host responses to
both the necrotrophic pathogen Rhizoctonia cerealis and
freezing stresses. Plant Physiol 164:1499–1514. doi:10.1104/
pp. 113.229575
Zhuang J, Cai B, Peng RH, Zhu B, Jin XF, Xue Y, Gao F, Fu XY, Tian YS,
Zhao W, Qiao YS, Zhang Z, Xiong AS, Yao QH (2008) Genome-
wide analysis of the AP2/ERF gene family in Populus trichocarpa.
Biochem Biophy Res Comm 371:468–474. doi:10.1016/j.bbrc.2008.
04.087
Zwack PJ, Robinson BR, Risley MG, Rashotte AM (2013) Cytokinin
response factor 6 negatively regulates leaf senescence and is induced
in response to cytokinin and numerous abiotic stresses. Plant Cell
Physiol 54:971–981. doi:10.1093/pcp/pct049
46 Funct Integr Genomics (2015) 15:27–46
